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Blue Thermally Activated Delayed Fluorescence Materials Based 
upon Bis(phenylsulfonyl)benzene Derivatives† 

Ming Liu,a Yuki Seino,b Dongcheng Chen,a Susumu Inomata,b Shi-Jian Su,*a Hisahiro Sasabe,*b and 
Junji Kido*b

Two blue thermally activated delayed fluorescence molecules 

based on  bis(phenylsulfonyl)benzene with very small singlet-triplet 

splitting energy were designed and synthesized by combining 3,6-

di-tert-butylcarbazole with 1,4-bis(phenylsulfonyl)benzene and 

1,3-bis(phenylsulfonyl)benzene, and a maximum external quantum 

efficiency of 11.7% was achieved for electroluminescent device. 

Organic light-emitting diodes (OLEDs) have gained huge attention 

owing to their potential applications in both of new generation full-

color flat-panel displays and new-generation solid-state lighting.1 In 

the past two decades, incalculable efforts have been devoted to 

exploring new OLED emitters, and great success has been achieved, 

particularly, for heavy metal complex phosphorescent emitters. An 

internal quantum efficiency (IQE) of 100% can be obtained by 

reasonable design of device configurations.2 However, most of these 

phosphorescent emitters contain rare metal elements such as 

iridium, platinum, and osmium which make them expensive and 

unfavorable to commercial application in flat-panel display and 

lighting sources. Especially for blue OLEDs, it is difficult to obtain wide 

energy gap phosphors, and their short device lifetimes are not 

suitable for commercial application.3 To address these issues, 

researchers are recently focusing on development of new type 

fluorescent materials, aiming to the utilization of triplet excitons in 

low-cost OLEDs based on metal-free fluorescent materials.4 

Thermally activated delayed fluorescence (TADF) process is effective 

and amazingly attractive because there is a nearly 100% theoretical 

exciton utilization could be harvested by the approach of thermal 

energy-assisted intersystem crossing (ISC) process from the lowest 

triplet excited state (T1) to the singlet excited state (S1).5 Thermal 

activation energy allow the accumulated triplet excitons at T1 of the 

TADF emitter transfer to S1 via ISC process and then eventually occur 

radiative decay to form fluorescent emission. To facilitate this up-

conversion process, a small enough singlet-triplet splitting energy 

(EST) is much critical for the emitter. It is advisable to construct a 

donor-acceptor (D-A) type structure with steric hindrance between 

the electron donor and electron acceptor moieties and thus spatial 

separation of the lowest unoccupied molecular orbitals (LUMOs) and 

highest occupied molecular orbitals (HOMOs), which is a significant 

factor in the realization of a small EST for efficient TADF emitters.6 

Adachi’s group have reported a number of diphenylsulfone (DPS) 

containing compounds exhibited TADF characteristics. Particularly, a 

3,6-di-tert-butylcarbazole (DTC) substituted molecule DTC-DPS has 

been proved to perform excellently in OLED device, which achieved 

a high external quantum efficiency (EQE) and even a deep blue 

emission.7 In their further investigations, a series of modified DPS 

compounds have been synthesized and studied thoroughly. Using 

substituents of 5-phenyl-5,10-dihydrophenazine, phenoxazine, 9,9-

dimethyl-9,10-dihydroacridine, or 3,6-dimethoxycarbazole to 

replace 3,6-di-tert-butylcarbazole on DPS led to changes of emission 

light, EST, TADF lifetime, and also device performance.8 The oxygens 

of the sulfonyl group have significant electronegativity, which results 

in electron-withdrawing nature of sulfonyl. In addition, the sulfonyl 

group of DPS exhibits a tetrahedral geometry, which limits 

conjugation of the compounds.9 As thus, DPS has been turned out to 

be the most famous and typical electron acceptor component for 

TADF molecules in recent years. Generally, the compounds based on 

DPS possess a large twisted conformation between the phenyl ring 

and the electron donor, such as carbazole, acridine, and phenoxazine, 

leading to effective separation of frontier molecular orbitals and thus 

a comparatively small EST. But for the blue TADF emitters based on 

DPS previously reported, their EST values are relative larger than 

those of the green and yellow TADF molecules (for instance, 0.32 eV 

of DTC-DPS) to cause inefficient ISC process from T1 to S1. While a 

smaller EST could be achieved via adjusting the -conjugation length 

and the electronic properties of the donor and acceptor moieties, we 

consider that if inserting one more phenyl sulfone into the DPS 

acceptor core could prospectively tune the electronic property and 
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preserve the intrinsic triplet energy level. Consequently, a further 

decreased EST could be attained. 

In this communication, we describe the design, synthesis, 

comprehensive material properties and device performances of new 

blue TADF molecules of DTC-pBPSB and DTC-mBPSB based on two 

bis(phenylsulfonyl)benzene (BPSB) isomers with different 

configurations (1,4-bis(phenylsulfonyl)benzene and 1,3-

bis(phenylsulfonyl)benzene), which possess two sulfonyl groups as 

electron acceptor and 3,6-di-tert-butylcarbazole as electron donor 

(Fig. 1(a)). Results show that the introduction of double sulfonyl 

system lead to molecules showing smaller EST in comparison with 

their single sulfonyl counterpart, DTC-DPS. And DTC-pBPSB which 

adopts para-configuration of BPSB exhibited bathochromic-shift in 

emission spectrum but significantly higher device efficiency than its 

meta-isomer and single sulfonyl counterpart DTC-DPS. 

The synthetic routes of DTC-pBPSB and DTC-mBPSB are outlined 

in Scheme 1, and details are given in electronic supplementary 

information (ESI). The pivotal precursors 3 and 4 were synthesized 

from the reactions of 1,2-bis(4-bromophenyl)disulfane with 1,4-

diiodobenzene and 1,3-diiodobenzene, respectively, through three 

steps with considerable yields and were finally reacted with 3,6-di-

tert-butyl-9-H-carbazole via common copper-catalyzed Ullmann 

reaction to give the target compounds. To evaluate their geometrical 

structure, frontier molecular orbitals, and energy band gaps, density 

functional theory (DFT) calculations were performed with B3LYP/6-

31G(d,p) basis set by using Gaussian 09W program, and the electron 

densities of HOMOs and LUMOs of these two BPSB molecules are 

depicted in Fig. 1(b).10 There are large torsion angles of 47.9 and 

48.2 between the side phenyl rings of BPSB and the carbazole planes 

in the optimized geometries of DTC-pBPSB and DTC-mBPSB, 

respectively. And it can be found that the calculated HOMOs and 

LUMOs of these two molecules are separately distributed on the 

carbazole units and the BPSB segments, respectively, implying their 

strong charge transfer (CT) character which in turn would then 

contribute to small singlet-triplet splitting energy. Results of the 

excited state energies obtained by time-dependent density 

functional theory (TD-DFT) simulation with M062X/6-311G(d,p) basis 

set predict EST values of 0.19 and 0.26 eV for DTC-pBPSB and DTC-

mBPSB, respectively, and these values are distinctly less than 0.62 eV 

of the earlier reported single sulfonyl compound, DTC-DPS. It is also 

need to point out that the pBPSB-based compound was predicted to 

exhibit narrower energy band gap (Eg) and smaller excited energy 

(singlet and triplet) than its mBPSB isomeric counterparts. That is due 

to the meta-configuration gives rise to a shorter effective 

conjugation length and weaker electron-withdrawing ability of the 

acceptor core. 

 DTC-pBPSB and DTC-mBPSB showed good thermal stability as 

indicated by the decomposition temperatures (Td, corresponding to 

 

Fig. 1 (a) Molecular structures and (b) calculated frontier orbitals 
of HOMOs and LUMOs of DTC-mBPSB and DTC-pBPSB. 

DTC-mBPSB

DTC-pBPSB

(a) (b) HOMO LUMO

 

Scheme 1 Synthetic routes for DTC-pBPSB and DTC-mBPSB. 

Table 1 Physical properties and calculated energy levels of the compounds. 

Compound 

Experimental Calculated 

Td(a) [C] 

λabs 

(solution) 

(b) [nm] 

λabs (film) 

(c)  [nm] 

λem 

(solution) 

(b) [nm] 

λem 

(film) (c) 

[nm] 

Egopt(d) 

[eV] 
IP/EA(e) [eV] 

HOMO/ 

LUMO(f) [eV] 

ES(g) 

[eV] 

ET(g) 

[eV] 

EST(g) 

[eV] 

DTC-pBPSB 427 295, 363 296, 347 446 474 2.85 -5.50/-2.65 -5.56/-2.11 3.06 2.87 0.19 

DTC-mBPSB 403 293, 348 295, 348 422 444 2.98 -5.47/-2.49 -5.47/-1.88 3.19 2.93 0.26 

DTC-DPS - 290, 342(h) - 404(h) - 3.29(h) -5.81/-2.52(h) -5.04/-1.04 3.49 2.87 0.62 

(a) Decomposition temperature (Td) (5% weight loss); (b) UV-vis absorption and PL bands in toluene solutions at room temperature; (c) UV-
vis absorption and PL peaks in neat thin films; (d) Optical energy band gaps (Eg

opt) estimated from the absorption edge in thin films; (e) 
Ionization potentials (IPs) of DTC-pBPSB and DTC-mBPSB determined from cyclic voltammetry and electron affinities (EAs) estimated from 
IPs and Eg

opts; (f) HOMO and LUMO energy levels from the DFT calculations with B3LYP/6-31G(d,p) basis set by using Gaussian 09W program. 

[g] Energy of the first singlet and triplet state as well as EST which obtained by time-dependent density functional theory (TD-DFT) 
calculations (M062X/6-311G(d,p), Gaussian 09W). (h) Data from the earlier literature.7 
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5% weight loss) above 400 C which were obtained from 

thermogravimetric analyses (TGA), and such values are high enough 

for application in electroluminescent devices (Fig. S1). Cyclic 

voltammetry (CV) was used to estimate ionization potentials (IPs) of 

the current BPSB molecules.11 Both of them displayed a quasi-

reversible oxidative wave, which could be attributed to the oxidation 

of the electron donor carbazole units (Fig. S2). As estimated from the 

onset oxidation potentials (Eox vs. ferrocene/ ferrocenium), IPs of 

DTC-pBPSB and DTC-mBPSB are almost the same (-5.50 and -5.47 eV, 

respectively) despite their different configurations. Ultraviolet-

visible (UV-vis) absorption and photoluminescence (PL) spectra of 

DTC-pBPSB and DTC-mBPSB in toluene solution are shown in Fig. 2 

(a). Compared with its isomeric counterpart, DTC-pBPSB not only 

displays a broader intramolecular charge transfer (ICT) band located 

at ~370 nm, but also exhibits a stronger, lower energy peak at ~290 

nm in the UV-vis absorption spectrum. DTC-mBPSB is highly emissive 

in deep blue region which is 25 nm hypochromatic shifted relative to 

DTC-pBPSB. These outcomes are well consistent with the theoretical 

calculation. From the onset of absorptions in thin film state, optical 

energy band gaps (Eg
opt) of DTC-pBPSB and DTC-mBPSB were 

estimated to be 2.85 and 2.98 eV, respectively, and their electron 

affinities (EAs) were estimated to be -2.65 and -2.49 eV from their IPs 

and Eg
opts, respectively. Their PL spectra in dichloromethane at 77 K 

are shown in Fig. S3. The developed BPSB molecules display 

structureless emission band at low temperature. According to the 

onset of fluorescence (0 ms delay) and phosphorescence (1 ms delay) 

spectra, EST values of DTC-pBPSB and DTC-mBPSB were respectively 

estimated to be only 0.05 and 0.24 eV. Such small EST values prove 

the design strategy of the BPSB compounds as potential TADF 

emitters is effective. 

To further certify their TADF character, transient PL decay 

curves of these two fluorophors in chloroform solution were 

obtained (Fig. S4). Under atmosphere, neither one of DTC-pBPSB and 

DTC-mBPSB shows long lifetime decay component. In such 

conditions, their photoluminescence quantum yields (PLQY) were 

measured to be 39.3 and 48.5%, respectively. However, in oxygen-

free solutions, it can be seen that a fast decay is followed by a 

delayed component, which could be attributed to traditional 

fluorescence and TADF, respectively. Owing to the contribution of 

TADF, their PLQYs in chloroform solution increased to 56.3 and 69.3%, 

respectively. When doped into bis[2-

(diphenylphosphino)phenyl]ether oxide (DPEPO) in a concentration 

of 10 wt%, DTC-pBPSB displays an emission peak at 461 nm, and DTC-

mBPSB is emissive in deep blue region with a peak of 434 nm (Fig. 

S5). As depicted in Fig. 2 (b), similar to that in solution, the transient 

PL decay curves of DTC-pBPSB and DTC-mBPSB co-deposited with 

DPEPO also present a prompt fluorescence component and a delayed 

TADF component. The lifetimes of the delayed components were 

fitted to be 1.23 and 1.16 s with proportion of 13.0% and 6.0% for 

DTC-pBPSB and DTC-mBPSB, respectively. In addition, DTC-pBPSB 

and DTC-mBPSB co-deposited with DPEPO show high PLQY values of 

66.6 and 71.0%, respectively. As thus, the rate constants of ISC (T1 to 

S1) were calculated to be 8.2104 and 3.9104 s-1, and the rate 

constants of ISC (S1 to T1) were calculated to be 3.4106 and 2.4106 

s-1 for DTC-pBPSB and DTC-mBPSB, respectively. As a result of a lager 

EST, DTC-mBPSB shows less TADF component, smaller rate 

constants as well as harder ISC process from T1 to S1 than its para-

isomer DTC-pBPSB. 

In order to probe their electroluminescent properties, OLED 

devices were fabricated and investigated in a configuration of ITO/ 

NPB (30 nm)/ TCTA (20 nm)/ CzSi (10 nm)/ 10 wt% BPSB compound: 

DPEPO (20 nm)/ DPEPO (10nm)/ TPBI (30 nm)/ LiF (1 nm)/ Al, in 

which NPB, TCTA, CzSi and TPBI are abbreviations of N,N’-diphenyl-

N,N’-bis(1-naphthyl)-1,10-biphenyl-4,4’-diamine, 4,4’,4’’-tris(N-

carbazolyl)triphenylamine, 9-(4-tert-butylphenyl)-3,6-

bis(triphenylsilyl)-9H-carbazole, and 1,3,5-tris(N-

phenylbenzimidazol-2-yl)benzene, respectively. The device 

characteristics are shown in Fig. 3 and Fig. S6. EL spectra of these 

devices present similar features to their PL ones, and only the 

emissions from the emitters were detected, indicating that the 

charge recombination region was confined in the emitting layer and 

complete energy transfer from the host to the emitters was achieved. 

The device based on DTC-mBPSB exhibited deep blue 

electroluminescence with CIE coordinates of (0.15, 0.08) and a 

maximum current efficiency (CE) of 4.4 cd A-1, corresponding to an 

EQE of 5.5%. While the device based on DTC-pBPSB delivered better 

device efficiencies, an EQE of 11.7% and a CE of 19.4 cd A-1, and it can 

be ascribed to its relatively smaller EST and easier ISC process from 

T1 to S1. Due to the stronger ICT effect of DTC-pBPSB, it exhibited a 

sky-blue EL with CIE coordinates of (0.18, 0.19). In this device 

architecture, the deep HOMO energy level and poor hole transport 

capacity of the DPEPO host may make against to the balance of 

charge transport/injection and thus only moderate efficiency. In 

addition, it is an imperfection that the devices reported here are 

similar to the DTC-DPS based device which displayed significant 

efficiency roll-off as reported by Adachi et al. Optimization of the 
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Fig. 2 (a) UV-vis absorption and PL spectra of DTC-mBPSB and DTC-
pBPSB in toluene solution. (b) Transient PL decay curves of DTC-
pBPSB and DTC-mBPSB co-deposited with DPEPO in a 
concentration of 10 wt% at room temperature. 
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Fig. 3 (a) EQE versus current density characteristics and (b) EL 
spectra of the electroluminescence devices with an EML of 10 
wt% DTC-pBPSB and DTC-mBPSB doped into DPEPO. 
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device structure for application of blue TADF emitters is expected to 

relieve this poser. Moreover, further design and development of new 

BPSB based emitters are in prospect to tune the emission light, EST, 

TADF lifetime and acquire more excellent device performance. We 

also fabricated a control device containing DTC-DPS as a blue emitter 

for comparison. It came out that the EQE value of the device based 

on DTC-DPS is very close to that of the device based on DTC-mBPSB, 

but is only a half of that of the device based on DTC-pBPSB (Fig. S6). 

The current results indicate that BPSB could act as promising 

acceptor unit for developing efficient TADF emitters. 

In summary, two BPSB-based isomers with different 

configurations were successfully designed, synthesized and applied 

as novel blue TADF emitters due to their low singlet-triplet exchange 

energies of 0.05 and 0.24 eV. DTC-mBPSB with 1,3-

bis(phenylsulfonyl)benzene as the core exhibited a deep blue 

emission and an EQE of 5.5%. In contrast, DTC-pBPSB with 1,4-

bis(phenylsulfonyl)benzene core exhibited a slightly red-shifted EL 

spectrum but superior EQE above 10%. Compared with the general 

DPS building block, it can be expected that further improved 

performance could be obtained by utilizing BPSB to construct novel 

TADF light-emitting materials. 

The authors greatly appreciate the financial support from the 

Ministry of Science and Technology (2015CB655003 and 

2014DFA52030), the National Natural Science Foundation of China 

(91233116 and 51073057), the Ministry of Education (NCET-11-0159), 

and the Guangdong Natural Science Foundation (S2012030006232). 
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